Polymetallic complexes can be assembled using a wide array of polydentate ligands that give an almost unlimited toolbox to prepare new molecular architectures with fascinating structures and interesting magnetic properties. Bis-tris propane is one such a polydentate ligand that has been used to prepare homo-(3d or 4f) and heterometallic (3d/3d 0 or 3d/4f) complexes, ranging from simple complexes such as {Ni 4 } to spectacular 3d/3d 0 {Cu 8 Zn 8 } or {Mn 18 Cu 6 } complexes. It shows a flexibility in binding mode, utilizing up to six of its potential ligand donor atoms and displaying multiple levels of deprotonation, able to bridge up to six metal ions. The ligand has a particular affinity for binding 3d ions such as Cu(II) or Co (III) in heterometallic syntheses and this can provide a flexible structure-directing effect. This concept has been exploited to prepare new heterometallic 3d/3d 0 complexes that display interesting levels of complexity; 3d/4f complexes such as {Cu 3 Tb 2 } that show single-molecule magnet behavior where superexchange interactions quench quantum tunneling of the magnetization, or {Co 3 Gd 3 } where the magnetocaloric properties arise by using Bis-tris propane to separate the Gd(III) ions and weaken Gd (III). . .Gd(III) interactions.
Introduction
The synthesis and characterization of polymetallic complexes remains a hot topic within the area of inorganic chemistry [1] [2] [3] . Current areas of interest relate to single-molecule magnets (SMMs) [4, 5] ; magnetic refrigerants [6] ; qubits [7] ; complexes with toroidal moments [8] ; the magnetic behavior of high symmetry systems [9] [10] [11] ; magnetic bistability on surfaces [12] ; mimics of the oxygen evolution center in photosystem II [13] , and water oxidation electrocatalysis [14] ; MRI contrast agents [15] and as precursors for magnetic nanoparticles [16] , or lithographic resists [17] . However, the synthetic challenges involved in isolating such systems [18] and the search for emergent properties in larger and larger systems is also a major driving force [19] [20] [21] [22] [23] . We have a long-standing interest in the use of polydentate ligands [24] to direct the assembly of homo-and heterometallic complexes and in particular a series of structurally related ligands containing the Tris unit {(Tris = 2-amino-2-(hydroxymethyl) propane-1,3-diol} [25, 26] such as Bis-tris {2-[bis(2-hydroxyethyl) amino]-2-(hydroxymethyl) propane-1,3-diol} [27] [28] [29] . This research led us to investigate Bis-tris propane {H 6 L = 2,2 0 -(propane-1,3-diyldiimino)bis [2-(hydroxymethyl) propane-1,3-diol} as a ligand. The skeleton of Bis-tris propane provides high flexibility and includes a {N 2 O 6 } unit containing multiple binding sites and hence, excellent potential as a bridging ligand (Chart 1). Bis-tris propane is widely used as a biological buffer, and is especially useful as an additive for screening protein crystallization conditions. The possibility of buffer interference by 3d metal complexation has been studied [30] . More recently, Bis-tris propane has been employed to lower the redox potential of the Mn(II)/Mn(III) couple in the study of electron transfer processes in native anoxygenic bacteria [31] , as a ligand in the Ce IV -assisted hydrolysis of phosphatidylcholine liposomes [32] and when dissolved in DMSO it has been studied for CO 2 capture via amine scrubbing [33] .
Homometallic complexes
The first complexes containing the Bis-tris propane ligand were polymetallic iron(III) and manganese(II/III) complexes [34] . Our route into the iron(III) chemistry was through the well-established oxo-centered Fe 3 triangle precursor methodology [35] , in this case reacting the disodium salt Na 2 H 4 L with [Fe 3 O(OAc) 6 trivalent Mn2 possesses an unusual distorted mono-capped trigonal prismatic geometry where the trigonal prism is formed from the {N 2 O 4 } ligand donor set as seen in complex 1. Again, the ligand is present in one binding mode (Chart 2) where two unbound ligand arms remain protonated (O4, O12) and form hydrogen bonds to adjacent complexes in the crystal lattice.
The magnetic properties of complexes 1 and 2 are dominated by intramolecular antiferromagnetic superexchange interactions between the metal centers (Table 1) . Following this observation, we started to think about the possibility of synthesizing heterometallic complexes with Bis-tris propane, by using the {N 2 O 4 } encapsulating motif to help discriminate between different metal ions. However, before this, we targeted nickel and cobalt leading to Ni 4 and Co 5 complexes [36] . Employing a similar strategy to that used above for complex 2, reaction of Ni(acac) 2 Complex 4 is a mixed-valence pentametallic cobalt complex (Fig. 4) . The cobalt(II) centers have a distorted {CoO 6 (23) DT ad = 10.7 K at T = 1.5 K for DB = (7-0) T . A co-ligand is required to isolate a polymetallic complex as seen in the assembly of the 3d complexes above. Complex 6 displays slow magnetic relaxation below 20 K in ac susceptibility measurements with two separate relaxation regimes, corresponding to the low-temperature and the high-temperature region. These have been analyzed as Orbach relaxation processes with U eff = 44 K (s 0 = 1.0 Â 10 À6 s) and U eff = 107 K (s 0 = 2.0 Â 10 À7 s) and are likely to be attributable to the individual Dy 3+ ions, which have two distinct coordination environments (monocapped square-antiprism and distorted square-antiprism) rather than the weakly coupled Dy 4 unit.
Heterometallic 3d/3d' complexes
The use of two, or more, different metal ions to assemble large heterometallic complexes is a considerable synthetic challenge [19, 40, 41] . However, the potential rewards are significant, as there is a real possibility of control/design over the individual parameters that contribute to the overall molecular properties. In 2011, we initiated a program to utilize Bis-tris propane in the development of a step-by-step self-assembly synthetic approach to heterometallic complexes to take advantage of the encapsulating binding motif. We found that this binding pocket was an excellent fit for the copper(II) ion and this key observation allowed us to begin to develop the heterometallic chemistry of the ligand. We were able to employ a pre-formed Cu II Bis-tris propane complex, which contains multiple, latent hydroxyl binding sites, to target the trapping and encapsulation of an inner metal-oxo core. The choice of Cu II as the central ion increases the flexibility of the strategy further, due to its range of typical coordination environments from [4] to [4 + 2] . We were delighted that two of the first heterometallic complexes that we isolated using this strategy contained a 'core-shell' {Mn 18 and complex 9 has a more compact core with higher symmetry (S 6 ). Furthermore, in 9 the second axial Cu(II) position (O73) is occupied [48] .
To try to reduce the number of antiferromagnetic interactions in the Cu/Mn systems, and therefore increase the magnitude of the spin ground state, we proposed a strategy based on the replacement of the paramagnetic Cu(II) centers by diamagnetic Zn(II) ions. During the development of this strategy, we investigated the chemistry of the Bis-tris propane ligand in the formation of Cu/ Zn heterometallic complexes. The reaction between H 6 L, Cu (OAc) 2 is observed in both complexes, despite the long distances between paramagnetic metal centers, due to the involvement of diamagnetic Zn(II) ions in the magnetic exchange pathway.
Heterometallic 3d/4f complexes
The combined use of 3d/4f ions a good design strategy for single-molecule magnets, as certain lanthanide ions can provide the essential magnetic anisotropy and the 3d-4f exchange interaction can help to suppress Quantum Tunneling of the Magnetization (QTM) [50, 51] . The first 3d/4f Bis-tris propane complexes were reported in 2015 with Fe(III) as the 3d center [52] ) with Ln(NO 3 ) 3 and LiOH in EtOH/DMF (solvothermal to 90°C for 48 h followed by controlled slow cooling). This is similar to the oxo-centered triangle route used to prepare the Fe 10 complex 1, but instead using a solvothermal reaction as for the Dy 4 complex 6. The central portion of the structure consists of two iron(III) centers, each encapsulated by a Bis-tris propane H 2 L 4À ligand in a {N 2 O 4 } donor set (Chart 2, Fig. 9 ). These centers are in a less common distorted trigonal prismatic geometry (c.f. Fe 10 distorted mono-capped trigonal prism) and bridge two Fe 2 Ln triangles in a similar way to the Fe 10 complex, which bridges two Fe 4 butterfly units. Again a carboxylate co-ligand is required to help assemble the structure. The Dy(III) and Tb(III) analogues show the onset of slow magnetic relaxation at low temperature but no peaks are observed in the out-of-phase AC susceptibility. In the Cu/Mn and Cu/Zn heterometallic complexes with Bis-tris propane, the Cu(II) centers occupy the internal {N 2 O 2 } pocket of the ligand to the detriment of other 3d ions present in the reaction media [53] , and thus the ligand exerts a level of control over the final molecular assembly. Furthermore, Cu(II) ions display a flexible coordination geometry and a strong tendency for ferromagnetic CuÁ Á Á4f interactions for the heavier Ln ions [54] . The reaction of Cu (OAc) 2 with H 6 L and Et 3 N in MeOH followed by addition of Ln (OAc) 3 (Fig. 10) . The two external Cu(II) ions of the linear unit are encapsulated by two l 4 -H 3 L 3À ligands through O, N-donor atoms (Chart 2) in a distorted square-pyramidal geometry. The two remaining hydroxyl arms on each ligand which do not bridge metal ions are uncoordinated. The Ln(III) ions are in a spherical capped square antiprismatic geometry (C 4v ). The replacement of acetate for nitrate anions decreases the symmetry within the molecule and promotes different coordination environments around the metal ions present in the structure (Fig. 11) . Consequently, the structure of (NMe 4 ) 2 Tb2 is in a spherical capped square antiprism environment (C 4v )) (Fig. 11, right) , whereas Tb1 displays a muffin geometry (C s ). . Complex 19 shows SMM-typical sweeprate-dependent hysteresis curves with non-zero coercivity and a large step at around zero magnetic field induced by resonant spin ground state tunneling (Fig. 12) . To understand the large barrier height observed for the Tb analogues and to probe the origin of the differences in the barrier height, mononuclear Tb(III) complexes derived from the X-ray structures of complexes 17 and 19 were modeled using ab initio CASSCF calculations. For 17 a significant tunnel splitting (D tun ) is observed within the ground multiplet (0.45 cm À1 ), but this is quenched by both CuÁ Á ÁCu and CuÁ Á ÁTb interactions as they behave like an internal applied field, leading to the observation of zero-field SMM behavior. For complex 19, the tunnel splitting within the ground multiplet is small for the Tb(III) center with C s symmetry (0.08 cm
À1
) and significant for the other center with C 4v symmetry (0.32 cm À1 ). Although the chemical environments of the ligands are different, the computational models suggest that the improvement in the magnetic behavior going from complex 17 to complex 19 is due to a reduction in the tunnel splitting for the Tb(III) ion in 19 in the C s symmetry environment. The Cu/Ln systems led us to explore the chemistry of Bis-tris propane with other 3d/4f combinations. A large magnetocaloric effect (MCE) at low temperatures is favored by a negligible magnetic anisotropy and several molecule-based refrigerants are complexes of isotropic Gd(III) ions. Although Co/Gd complexes have been studied in search of the enhancement of magnetocaloric properties [56] , Co(II) ions have a negative influence, because of the characteristic large magnetic anisotropy, which makes reorientation of the magnetic moment more difficult. Our approach to Co/ Gd systems for MCE used {Co II (H 6 L)} precursors which undergo facile oxidation to diamagnetic Co(III) [57] . 10 Yb 10 } which are all more puckered than 23 [19, 58, 59, 60] .
The DC magnetic measurements suggest that 23 should display a relatively large MCE, arising from the weakly-interacting Gd(III) ions, which are well separated by the diamagnetic Co(III) centers. For the largest applied field change B = (7-0) T, i.e., after a full demagnetization from 7 T, the maximum value of the magnetic entropy change ÀDS m is 23.6 J kg À1 K À1 per unit mass. In terms of the magnetocaloric properties, the diamagnetic Co(III) ions have a negative influence on the entropy change per unit mass: the lower the magnetic/non-magnetic ions ratio, the lower are the magnetic heat capacity and entropy per unit mass. However, the key point is that the Co(III) centers have a positive impact on the adiabatic temperature change DT ad . The intermediate presence of the Co(III) ions weakens the magnetic interaction between the Gd(III) ions, so the temperature-dependence of DT ad has a maximum at a relatively lower temperature than usually found for homometallic Gd(III) complexes (DT ad = 10.7 K at T = 1.5 K). Among the few known systems that have a DT ad maximum below e.g., 2 K for 7 T, complex 23 lags behind only the extraordinary {Gd 2 -ac} with DT ad = 12.6 K at T = 1.4 K [61] , while it outdoes {Zn 2 -Gd 2 } with DT ad = 9.6 K at T = 1.4 K [62] , and {Gd 7 } with DT ad = 9.4 K at T = 1.8 K [6] .
Synopsis
The majority of the polymetallic complexes isolated so far that contain the Bis-tris propane ligand (H 6 L) contain additional simple chelating co-ligands such as carboxylates or b-diketonates and in terms of magnetic properties, the 3d/4f {Cu 3 Tb 2 } and {Co 3 There are some obvious targets in terms of chemistry: from the 3d ions, binding to chromium has not been reported; for homometallic lanthanide complexes, only one Dy(III) complex has been reported and for heterometallic complexes, only Cu/Zn and Cu/Mn (for 3d, 3d 0 ) and Fe/Ln; Cu/Ln and Co/Ln complexes (for 3d/4f) have been reported. So far, the most spectacular structures have been isolated in the absence of co-ligands, i.e. the two {Mn 18 Cu 6 } complexes with three different polyhedral shells and the {Cu 8 Zn 8 } double-concentric ring structure and it is likely that further large heterometallic complexes could be synthesized by employing Bis-tris propane as the sole polydentate organic ligand.
